Paramagnetic relaxation enhancement of membrane proteins by incorporation of the metalchelating unnatural amino acid 2-amino-3-(8-hydroxyquinolin-3-yl)propanoic acid (HQA). 
Introduction
Many analogies can be drawn between the earliest protein NMR studies and present day studies of proteins in biological supramolecular assemblies, such as membrane proteins, amyloid fibrils, chromatin, etc. Both were severely limited by resolution and sensitivity of the spectra, and the ability to interpret the data in terms of the threedimensional structures of the proteins, which has always been the major goal of protein NMR spectroscopy. Starting with the initial NMR spectrum of a protein in solution (Saunders et al. 1957) , which consisted of four broad, overlapping signals, it was clear that additional steps were needed to extract the underlying spectroscopic and structural information. Some gains resulted from increasing the 1 H resonance frequency and the introduction of signal averaging of the continuous wave signals (Meadows et al. 1967 ).
Nonetheless, the early demonstrations of protein NMR were limited to a few residues whose resonances could be resolved in the spectra of the most favorable globular proteins available in large quantities at the time, for example ribonuclease and lysozyme. The introduction of isotopic labeling of proteins was a major step forward in attaining both improved spectral resolution and resonance assignments (Markley et al. 1968 ) but was restricted to selected examples, such as Staphylococcal nuclease because heterologous expression of proteins was not yet feasible. The only available spectral parameters were the isotropic chemical shift frequencies, which varied among amino acid residues because of the differences in environment resulting from protein folding, and resonance line widths that reflected protein dynamics. The first spectra of membrane proteins were not reported for another ten years (Cross and Opella 1980; Hagen et al. 1979; Cross and Opella 1979; Hagen et al. 1978) .
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In the early 1970s the addition of directly bound paramagnetic species made a substantial difference in the prospects for NMR of proteins. Two similar, parallel paths were introduced. McConnell and coworkers (Wien et al. 1972; Morrisett et al. 1973) exploited the stable paramagnetic center of 1-oxyl-2,2,6,6-tetramethyl-4-piperidinyl (TEMPO) to covalently label lysozyme and then measure the broadening effects on resonances of bound ligands. The goal then, as now, was to make direct distance measurements between the electron spin-label and nuclei at covalently bonded sites on the protein. However, this was not possible because the studies were limited by the experiments being performed at the relatively low field strength corresponding to a 1 H resonance frequency of 100 MHz and other technical issues. Around the same time,
Campbell and coworkers (Campbell et al. 1973) were able to convincingly demonstrate the ability of a lanthanide ion (Gd helices, which is difficult to do with only measurements of short-range distances. Further progress in NMR spectroscopy of these classes of proteins would be greatly aided by the ability to measure relatively long-range (>10 Å) distances. Such long-range distance constraints have many benefits, including improving the resolution of protein structure determination, defining the overall folding topology, and identifying residues in binding sites. They are especially advantageous in offering a method for positioning multiple trans-membrane helices in membrane proteins (Ganguly et al. 2011; Chen et al. 2011 ).
This Perspective focuses on membrane proteins, in particular the use of paramagnetic metals attached by tags to otherwise diamagnetic proteins. Our primary research interest is in structure determination of membrane proteins in their native environment of phospholipid bilayers (Opella 2013 ) (Radoicic et al. 2014) . However, on the path towards this goal, aspects of membrane protein sample preparation and, to some extent, experimental methods are first worked out with micelle (Mesleh et al. 2003) , bicelle (Son et al. 2012) , or nanodisc (Park et al. 2011a ) samples that are tractable for 5 5 solution NMR. This is the situation for the examples described here, as we demonstrate the applicability of the genetically incorporated unnatural amino acid (UAA) 2-amino-3-(8-hydroxyquinolin-3-yl)propanoic acid (HQA) ( Figure 1C ) ) as a metalbinding tag to enable the use of paramagnetic ions to provide long-range paramagnetic relaxation enhancements that serve as intra-and inter-molecular distance measurements in membrane proteins.
Paramagnetic protein NMR
The unpaired electron on a paramagnetic ion has spectroscopic effects that are several orders of magnitude larger than those of the spin S=1/2 nuclei ( (Sengupta et al. 2013 ) (Knight et al. 2013 ) (Ganguly et al. 2011 ) (Zhuang et al. 2008) . Briefly, paramagnetic ions induce three effects on the diamagnetic spectra of proteins, only two of which are generally observed and incorporated into the experiments -paramagnetic relaxation enhancements (PREs) and pseudocontact shifts (PCSs). In addition, there are through-bond contact shifts; however, because they only There are other beneficial effects of adding paramagnetic metals to the samples in a controlled manner. They can reduce the longitudinal relaxation times so that data can be acquired much more quickly (Inubushi and Becker 1983; Parthasarathy et al. 2013; Ward et al. 2014; Ullrich et al. 2014) , and they can weakly align proteins in solution (Tolman et al. 1995; Prestegard et al. 2000) , providing an alternative to conventional alignment media for the measurement of residual dipolar couplings (RDCs).
Much of the groundwork for the use of paramagnetic ions in protein NMR was laid by
Bertini and coworkers on metalloproteins, which contain a natural paramagnetic center (Balayssac et al. 2007; Bertini et al. 2008) . For convenience, in appropriate cases, the metal ion can be exchanged for one with more favorable properties for the studies of interest. As an example, Bertini and Pintacuda have used metal ions in structural studies of superoxide dismutase (Knight et al. 2012 In the first case, twelve amino acid residues corresponding to an "EF-hand" calciumbinding site were added to the N-terminus of the membrane protein Vpu from HIV-1 (Ma and Opella 2000) . This provided a covalently attached lanthanide ion binding site. The protein itself was not altered by the added residues, as evidenced by a lack of perturbation of the chemical shifts, and it was possible to observe long-range paramagnetic effects in the spectra. In addition, the added lanthanide served to weakly align the protein for measurement of residual dipolar couplings. Imperiali and Schwalbe designed seventeen residue lanthanide binding tags (LBTs) for proteins with improved properties over native calcium binding sites (Wohnert et al. 2003 ). Subsequently, they inserted LBTs into protein loops (Barthelmes et al. 2011) , which were shown to give complementary results. In a similar vein, Gaponenko et al (Gaponenko et al. 2000) fused zinc fingers to the N-and C-termini of a protein and demonstrated that they could be substituted with paramagnetic cobalt and manganese.
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Most paramagnetic NMR studies of proteins have placed the metal ion on the surface of the protein with a covalent tag (Keizers and Ubbink 2011) . Generally this has been done through a linkage to a selected cysteine side chain. In many cases this requires the removal of competitive reactive sites through mutation. It has also become a very active area of research with the development of linkers to two cysteine residues to reduce the local dynamics of the metal ion in order to increase the precision of the measurements.
There have also been examples where other protein functional groups are involved in the chelation for the same reason. As a result of this activity, this area has been the subject of a number of reviews, including by Hass and Ubbink (Hass and Ubbink 2014) and Otting (Otting 2010) . The tables and figures of these reviews provide a thorough listing of the wide variety of tags that have been utilized to tag proteins with paramagnetic ions. Figure 3 of the review by Otting (Otting 2010 ) is particularly helpful in understanding and planning paramagnetic NMR experiments. It shows the relative paramagnetism and asymmetry of the magnetic susceptibility tensors in a way that facilitates direct comparisons.
Using covalent paramagnetic tags, Otting and coworkers have utilized pseudocontact shifts in their studies (Yagi et al. 2013) . They discussed how the assignment problem caused by the large shifts could be addressed. One way is to take advantage of the shifts for two bonded nuclei, e.g., The groups of Jaroniec and Huber have used a variety of tagged mutants of the protein GB1 as a model polycrystalline protein (Sengupta et al. 2013; Jaroniec 2012) (Li et al. 2013 ). Jaroniec and coworkers observed substantial PRE effects in well resolved magic angle spinning spectra by comparing samples with and without free electrons on the nitroxide moiety. Significantly, some of the strong signals in the control sample are missing in the corresponding spectrum of the spin-labeled protein. A key feature of their experimental samples is that the spin-labeled protein was diluted with unlabeled protein to enable the intramolecular effects of interest to be separated from any intermolecular effects of nearby protein molecules. Although clearly beneficial in certain applications, the use of nitroxides as relaxation agents suffers from a major draw-back, namely the presence of large transverse PREs, which leads to severely attenuated signal intensities for numerous residues; this precludes quantitative PRE and distance measurements. They overcame this problem by using tags containing a more rapidly relaxing paramagnetic center, namely Cu 2+ (Nadaud et al. 2009 ), that do not elicit significant paramagnetic shifts due to its effectively isotropic magnetic susceptibility tensor. The longitudinal PREs could be used to determine the global fold of GB1. They were able to calculate the backbone fold of GB1 based solely on PREs using only six mutants.
Paramagnetic NMR has been applied to a number of membrane proteins. Building on the structure of the Anabaena sensory rhodopsin (ASR) (Wang et al. 2013 ) Ladizhansky and co-workers employed nitroxide spin labels and PRE data to map the oligomerization interface of the receptor ). Gottstein et al (Gottstein et al. 2012 ) have summarized the alpha helical membrane proteins whose structures have been determined with the aid of PREs. Other notable studies of membrane proteins using paramagnetic NMR include: protein-lipid interactions of outer membrane protein X (OmpX) and DHPC using various nitroxide spin labels (Hilty et al. 2004 ), improvements of the outer membrane protein A (OmpA) backbone structure via 'parallel spin labeling' (Liang et al. 2006) , characterization of the Influenza M2 proton channel (Su et al. 2012) , topology determination in DPC micelles of SCO3063 and YbdK, two bacterial histidine kinase membrane proteins (Yeo et al. 2010) , DsbB (Tang et al. 2011) , structural studies of the M. tuberculosis RV1761C protein (Page et al. 2009 ), and the characterization of an 80 residue region of the GPCR Ste2p using PREs in solution NMR (Cohen et al.
2011).
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Perhaps the most powerful approach to introducing tags into proteins is unnatural amino acid incorporation (Noren et al. 1989; Liu and Schultz 2010) . This very promising method for paramagnetic NMR will be discussed in more depth in the following section along with a sampling of recent studies performed in our laboratory using membrane proteins and unnatural amino acid incorporation of a novel paramagnetic tag. The best currently available metal-binding unnatural amino acid, HQA, is shown in Figure 1C , which we used in our studies.
-Figure 1-
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Experimental section
Synthesis of HQA
The synthesis of 2-amino-3-(8-hydroxyquinolin-3-yl)propanoic acid dihydrochloride (HQA) was carried out as previously reported ) with a few minor 
Protein preparation
Interleukin-8 (IL-8), a monomeric construct with the 6 C-terminal residues of IL-8 removed, was expressed and purified as previously described (Rajarathnam et al. 1997 ). For 1TM-CXCR1 and p7 constructs, an original pET-31b(+) vector (Novagen, www.novagen.com) was modified by including a thrombin cleavage site with a 6-Gly linker between the KSI fusion partner and the polypeptide of interest to facilitate enzymatic cleavage ( Figure 2B ). They were purified and refolded as described 
Fluorescence experiments
The fluorescence experiments were performed on a FluoroMax-4 spectrofluorometer (Horiba Scientific, New Jersey, NY) at room temperature with excitation at 400 nm. 
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Results and discussion
Metal-chelating Unnatural amino acid
Although the use of fusions with cysteines and metal-binding peptides for site-specific paramagnetic labeling of proteins has helped protein structure determination, analysis of protein-ligand binding, and descriptions of molecular dynamics, their use is limited by their bulk, local dynamics, and potential sample heterogeneity. Large conformational spaces for the paramagnetic center lead to observed PRE measurements whose properties may be influenced by the flexibility of the probe itself. Rigid paramagnetic probes have been introduced into proteins to counter this problem (Loh et al. 2013; Liu et al. 2014c ), but the location of anchoring cysteine residues in the protein limit their placement and their often-bulky structure can also affect native protein structure. The incorporation of unnatural amino acids (UAAs) addresses both the issues of bulk and local dynamics and allows for homogeneous protein samples. They can be placed anywhere in the protein without being limited by disulfide bonds, cysteine residues, and attachments to the protein termini (Otting 2010) . In addition, a paramagnetic metal ion can be introduced anywhere in the protein with minimal protein structure perturbation (Jones et al. 2010) due to a single amino acid substitution with a UAA with high metal affinity in the protein sequence.
Site-specific genetic incorporation of HQA involves an orthogonal aminoacyl-tRNA/tRNA synthetase pair specific to the HQA that reads the amber TAG codon ).
Under normal circumstances, E. coli would recognize TAG as a stop codon. With the addition of the orthogonal pair, however, HQA is added to the growing protein chain.
The orthogonal tRNA synthetase is not recognized by endogenous tRNA/amino acid and vice versa (Noren et al. 1989 ). Of the more than 100 unnatural amino acids incorporated successfully, a small fraction is useful for NMR. These include isotopically labeled p-methoxy-phenylalanine and its fluorinated analogs (Deiters et al. 2005; Cellitti et al. 2008) , photocaged unnatural amino acids for site-specific labeling (Jones et al. 2010 ), metal-chelating unnatural amino acids Loh et al. 2013; Nguyen et al. 2011) , and an amino acid that ligates with a lanthanide tag (Liu and Schultz 2010) .
Incorporation of isotopically labeled amino acids at specific residues have helped identify ligand binding sites and conformational changes of large proteins (Deiters et al. 2005) . Aside from these, to date, only six unnatural amino acids that have been successfully incorporated into proteins can be used as paramagnetic probes. Of these, four are metal chelating and have been used for NMR studies (Jones et al. 2010) . It is also possible to use unnatural amino acids (Zhang et al. 2013 ) to incorporate electron spin-labels in specific sites (Fleissner et al. 2009; Schmidt et al. 2014 ).
The use of lanthanides for PRE studies are of particular interest because of their varying magnetic properties; different lanthanides can be incorporated into the same metal-chelation site. Previous lanthanide tags could only be non-covalently bound to the N-or C-termini of a protein, resulting in flexibility of the tag and poor measurements.
While the lanthanide-p-azido-L-phenylalanine (AzF) fusion allowed for placement of the tag independent of the location of other residues in the protein, there are limitations that hinder its widespread application (Loh et al. 2013) . The lanthanide tag is also limited by the need for known structural data for tether optimization. Using metal-chelating unnatural amino acids, on the other hand, provides a straightforward way to introduce a paramagnetic ion for PRE measurements (Nguyen et al. 2011) . For example, the UAA bipyridylalanine (BpyAla) was successfully incorporated into the West Nile virus NS2B-NS3 protease and bound to cobalt (II) to obtain PCS measurements. Of the three metalchelating unnatural amino acids, only HQA chelates to lanthanides Jones et al. 2010) , making it the best candidate for PRE studies. Moreover, HQA is the smallest of the three UAA, making it a favorable replacement for the similarly sized aromatic canonical amino acids, in particular tryptophan. It is also fluorescently active, allowing for easy detection of metal-bound protein.
Successful efforts to obtain NMR spectra of HQA-incorporated protein have not been reported previously (Jones et al. 2010 ). Here we show by solution NMR the successful incorporation of HQA into two membrane proteins: the cytoplasmic N-terminal region of the G-protein coupled receptor (GPCR) CXCR1 and the second transmembrane helix of viroporin p7 from the hepatitis C virus. We were also able to successfully obtain NMR data showing specific binding of a paramagnetic ion to the HQA-incorporated proteins, offering powerful insight to protein-ligand binding and protein structure.
Genetic incorporation of HQA into membrane proteins
Genetic incorporation of the unnatural amino acid 2-amino-3-(8-hydroxyquinolin-3-yl)propanoic acid (HQA) was done via amber codon suppression as demonstrated by Schultz and co-workers ). For the 1TM-CXCR1 construct the tryptophan at position 10 in the amino acid sequence was chosen as the site of mutation due to its 18 18 location in the binding region of the receptor and its ligand, interleukin-8 (IL-8). For the p7 construct, the tryptophan at residue 48 in the sequence was chosen as the site of mutation due to its location in the second transmembrane helix, with the primary goal to obtain intramolecular PRE data.
Figure 2
The pEVOL vector encoding the orthogonal tRNA/aminoacyl-tRNA synthetase pair for HQA (Young et al. 2010 ) and the modified pET31b(+) vector encoding our target mutant ( Figure 2 ) were co-expressed in minimal media and we were able to obtain high yields of mutant, HQA incorporated, membrane protein for both the 1TM-CXCR1 and p7
constructs. Growth and incorporation protocols for both the orthogonal pair and target genes were optimized and included testing various growth temperatures, induction times and concentrations, as well as optimizing the growth media itself (data not shown). Following growth and induction both the truncated and incorporated forms of the p7 protein were produced, as can be seen in Figure 3 , lane 1. The truncated form, which is the result of the presence of the amber stop codon at the mutation site, was also observed in HQA-incorporated 1TM-CXCR1 expression (data not shown). Due to the presence of a C-terminal histidine tag, which is only present in the full-length mutant and not in the truncated form (Figure 3, top) , the two could be successfully separated via Ni-immobilized metal affinity chromatography (IMAC). Further purification by HPLC resulted in high yields of pure protein (Figure 3) . 
Intramolecular PREs by HQA-metal chelate
In Figure 6 , the comparison of HSQC spectra of p7 constructs demonstrates the different PRE effects on the wild-type and HQA-incorporated p7 samples. All of the p7 resonances, except for the first three N-terminal residues, were observed and assigned in DHPC micelles at pH 7 ( Figure 6A ). When paramagnetic Mn 2+ ions were titrated to the solution containing wild-type p7, several resonances (residues 4, 17, 18, and 63) were significantly broadened, indicating these residues are located in the solvent accessible regions of the molecular surface of p7 in detergent micelles ( Figure 6B ). However, it is noteworthy that the residues 21, 22, 24-26 were also significantly broadened or disappeared, indicating that these residues, which are located in the first transmembrane helix, are in close proximity to residue 48 which is located in the second transmembrane helix of p7. These intramolecular PREs are very helpful in structure determination of membrane proteins, since they provide long-range distance restraints that are very challenging to obtain by conventional NOE experiments.
1TM-CXCR1 consists of the ligand binding N-terminal domain, which is mobile and solvent accessible, and the first transmembrane helix of CXCR1, which is buried in the membrane environment (Park et al. 2011c) . Therefore, the resonances of the N-terminal domain of wild-type 1TM-CXCR1 and several C-terminal residues were broadened beyond detection in the presence of Mn ions to the complex selectively broadened the residues of the binding sites (e.g., residues K20 and W52ε) beyond detection because of the site specific intermolecular PREs ( Figure 7C ), providing the distance restraints between IL-8 and 1TM-CXCR1 that are essential for structure determination of the ligand-receptor complex.
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Conclusions
The research described here is a prelude to the use of paramagnetic tags on membrane proteins in phospholipid bilayers. This involves the use of solid-state NMR because the membrane proteins are immobilized by their interactions with the phospholipids in the bilayer environment. Thus, significant background comes from prior solid-state NMR studies of paramagnetically tagged proteins.
The in vivo incorporation of unnatural amino acids into proteins is a well-established technique requiring an orthogonal tRNA/aminoacyl-tRNA synthetase pair specific for the unnatural amino acid that is incorporated at a position encoded by a TAG amber codon.
Recently developed metal-chelating unnatural amino acid 2-amino-3- Note that the His-tag attached to the C-terminus of the target protein facilitates the separation of the fully transcribed proteins from the early-terminated proteins using Niaffinity chromatography.
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